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HIGHLIGHTS 


►  FeAl  coatings  for  wet-seal  materials  of  molten  carbonate  fuel  cell  were  studied. 

►  High-energy  micro-arc  alloying  process  was  employed  to  prepare  FeAl  coatings. 

►  FeAl  coatings  are  microcrystalline,  with  a  metallurgic  bonding  to  the  substrate. 

►  FeAl  coatings  have  significantly  larger  impedance  values  than  316  stainless  steel. 

►  FeAl  coatings  increase  greatly  the  corrosion  resistance  of  316  stainless  steel. 
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The  corrosion  of  bipolar  plates  is  a  great  obstacle  to  the  industrial  application  of  molten  carbonate  fuel 
cell  (MCFC).  No  electrical  conductivity  is  needed  for  the  wet-seal  materials,  thus  the  application  of 
aluminum  coatings  is  a  very  effective  method  to  inhibit  the  corrosion  of  wet-seal  areas  of  MCFC  by  the 
formation  of  a  protective  A1203  scale.  In  this  work,  a  high-energy  micro-arc  alloying  (HEMAA)  process  is 
attempted  to  prepare  FeAl  coatings  on  the  type  316  stainless  steel  (316SS)  as  wet-seal  material  of  MCFC 
using  an  FeAl  intermetallic  compound  rod  as  the  deposition  electrode.  The  microstructure  of  the  FeAl 
coatings  is  analyzed,  and  its  corrosion  behavior  in  molten  (0.62Li,  0.38K)2CO3  at  650  °C  in  air  is  examined 
by  electrochemical  impedance  spectroscopy.  The  experimental  results  indicate  that  the  FeAl  coating  on 
316SS  is  microcrystalline,  with  a  metallurgic  bonding  with  the  substrate.  The  Nyquist  plots  for  the 
corrosion  of  both  the  bare  and  the  coated  steel  are  all  composed  of  double  capacitive  loops,  but  with 
significantly  larger  impedance  values  observed  for  the  coated  steel.  The  FeAl  coatings  increase  greatly  the 
corrosion  resistance  of  316SS  by  forming  a  compact  and  adhesive  AI2O3  scale. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Molten  carbonate  fuel  cell  (MCFC)  is  a  very  attractive  power- 
generation  device  that  converts  electrochemically  chemical 
energy  of  hydrogen  (suitable  fuels  include  coal  gas,  liquefied 
petroleum  gas,  methanol,  and  even  natural  gas)  and  oxygen  into 
electricity,  with  the  advantages  of  high  efficiency  and  low  emission. 
USA,  Germany,  Italy,  Japan,  Korea,  etc.  have  developed  MCFC 
systems  with  the  power  size  of  several  kW  to  multi-MW.  Although 
great  progresses  have  been  made,  MCFC  still  can  not  reach  the 
commercial  goal  of  at  least  a  40,000  h  lifetime.  The  corrosion  of  fuel 
cell  materials  [1—3],  mainly  including  the  dissolution  of  the  NiO 
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cathode  and  the  corrosion  of  bipolar  plates,  is  a  great  obstacle  to  the 
industrial  use  of  MCFC. 

As  a  multi-functional  component,  bipolar  plates  perform  as 
current  conductors  between  cells,  distribute  and  separate  the 
cathodic  and  anodic  reactant  gases.  This  component  is  in  contact 
with  three  quite  different  corrosion  environments,  i.e.  the  cathode 
area  with  an  oxidizing  gas  environment,  the  anode  area  with 
a  reducing  gas  environment  and  the  so-called  ‘wet-seal’  region.  No 
single  material  or  coating  can  meet  so  different  environments  [4-6]. 
The  wet-seal  materials  undergo  the  most  severe  corrosion  due  to  the 
presence  of  an  insidious  micro-galvanic  corrosion  [7].  Austenitic 
stainless  steels  are  the  leading  candidates  for  the  bipolar  plate 
materials  of  MCFC,  due  to  their  good  mechanic  properties,  reason¬ 
able  corrosion  resistance,  ease  of  fabrication,  low  cost,  etc.  However, 
these  materials  still  suffer  from  fast  corrosion  in  the  wet-seal  envi¬ 
ronments,  and  cannot  meet  the  requirements  of  at  least  a  40,000  h 
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lifetime  [8,9].  Fortunately,  no  electrical  conductivity  is  needed  for  the 
wet-seal  materials.  Therefore,  Al203-forming  alloys  or  coatings  can 
be  used  in  the  wet-seal  environments.  Nevertheless,  the  direct  use  of 
Al-containing  alloys  as  the  wet-seal  materials  is  limited  by  the 
concentration  of  aluminum,  because  the  high  Al  content  in  alloys 
needed  to  form  a  protective  A1203  scale  (which  can  react  with 
molten  Li2C03  to  form  LiA102)  would  cause  poor  mechanical  prop¬ 
erties.  Thus,  the  application  of  aluminum  coatings  seems  to  be  a  very 
simple  and  effective  approach  to  limit  corrosion  in  the  wet-seal  area 
due  to  the  formation  of  a  protective  LiA102  scale. 

To  protect  wet-seals  from  corrosion,  some  efforts  have  been 
conducted  to  develop  an  Al-coating  manufacturing  process,  mainly 
including  thermal  spraying  [10],  slurry  [11],  and  ion  vapor  deposi¬ 
tion  (IVD)  [12].  Moon  etc.  [13]  also  prepared  a  surface  layer  of  the 
intermetallic  compound  Ni2Al3  or  NiAl  on  a  316L  stainless  steel 
plate  by  electroplating  double  layers  of  nickel  and  aluminium,  fol¬ 
lowed  by  heat  treatment  at  650  or  800  °C  for  1  h.  The  Al-coatings 
prepared  by  these  methods  can  reduce  significantly  the  corrosion 
in  the  wet-seal  area.  However,  most  of  these  aluminization 
methods  require  post-deposition  diffusion  treatments.  Therefore,  it 
is  of  great  significance  to  develop  an  easy  and  low-cost  coating 
process.  Recently,  a  new  aluminization  method  based  on  the  elec¬ 
trospark  deposition  (ESD)  has  been  proposed  to  obtain  directly 
a  layer  of  FeAl  intermetallic  alloy  on  the  type  316L  stainless  steel 
[14].  The  prominent  advantages  of  this  method  over  IVD  and  other 
popular  coating  technologies  such  as  chemical  vapor  deposition, 
slurry  and  thermal  spraying  are  the  possibility  of  realizing  a  diffu¬ 
sion  coating  with  a  high  resistance  to  spallation  and  with  a  minimal 
thermal  distortion  [15,16].  Similarly,  one  of  the  present  authors  also 
introduced  a  simple  and  cost-effective  high-energy  micro-arc 
alloying  (HEMAA)  technique  to  the  preparation  of  pinhole-free 
coatings  for  metallic  bipolar  plates  of  proton  exchange  membrane 
fuel  cell,  with  a  metallurgical  bonding  between  the  coating  and  the 
substrate  alloy  [17].  In  this  study,  HEMAA  was  attempted  to  deposit 
FeAl  coatings  on316  stainless  steel  to  be  used  as  wet-seal  material 
of  MCFC,  and  the  corrosion  behavior  of  the  coated  steels  was 
examined  by  electrochemical  impedance  technique. 

2.  Experimental  procedures 

In  the  present  study,  type  316  stainless  steel  (316  SS)  was  used  as 
substrate  alloy.  The  steel  plates  were  cut  into  specimens  with  the 


size  of  10  x  10  x  1  mm,  followed  by  grinding  with  800-grit  SiC 
paper  and  degreasing  with  acetone.  A  rod  of  the  FeAl  intermetallic 
compound  (Fe-38.26A1,  in  atom  percent)  with  a  diameter  of  4  mm 
was  used  as  the  deposition  electrode.  To  avoid  heating  and  oxida¬ 
tion  during  deposition,  the  substrate  area  was  kept  at  room 
temperature  by  a  strong  jet  of  argon  gas.  With  a  succession  of  pulse 
discharge  depositing  operation  under  the  conditions  of  low  voltage 
(60~80  V)  and  high  frequency  (1000  ~  2000  Hz),  a  FeAl  alloy  layer 
was  obtained  on  316  SS. 

A  two-electrode  system  (two  working  electrodes)  was  employed 
for  electrochemical  impedance  measurements.  The  preparation  of 
the  working  electrode  is  as  follows.  A  Fe-Cr  wire  was  spot-welded  to 
one  end  of  the  specimen  for  electric  connection.  The  welding  ends  of 
two  specimens  spaced  were  sealed  in  an  alumina  tube  with  high 
temperature  cement,  as  shown  in  Fig.  1.  After  the  cement  was  dried 
at  room  temperature,  it  was  further  solidified  at  100  °C  for  24  h  and 
then  at  350  °C  for  10  h,  respectively.  Then,  the  electrode  surface  was 
polished  again  by  800  grit  SiC  paper,  degreased  and  dried. 

Electrochemical  impedance  measurements  at  open  circuit  were 
carried  out  at  650  °C  in  an  eutectic  (0.62Li,  0.38K)2CO3  (mole 
fraction)  melt  in  air  between  0.01  Hz  and  100  kHz  with  PAR  2273 
Potentiostat/Galvanostat.  The  amplitude  of  input  sin-wave  voltage 
was  10  mV.  After  drying  80  g  of  the  (Li,K)2C03  mixture  contained  in 
an  alumina  crucible  at  350  °C  for  24  h,  the  furnace  was  heated  to 
650  °C. 

Scanning  electron  microscopy  (SEM)  coupled  with  energy 
dispersive  X-ray  microanalysis  (EDX),  and  X-ray  Diffraction  (XRD) 
were  used  to  characterize  the  coatings  and  the  corrosion  products. 

3.  Results  and  discussion 

3.1.  Characterizations  of  coatings 

Fig.  2  shows  the  microstructures  of  the  cast  FeAl  intermetallic 
compound  used  as  the  deposition  electrode  and  the  as-prepared 
FeAl  coating  on  316SS,  respectively.  HEMAA  produced  a  micro¬ 
crystalline  coating  with  a  grain  size  much  smaller  than  that  for  the 
cast  FeAl  intermetallic  compound.  Fig.  3  shows  the  cross-sectional 
morphology  of  the  as-prepared  FeAl  coating  on  316SS.  It  is  shown 
clearly  that  a  continuous  Al-containing  coating  has  been  produced 
on  the  alloy  surface,  with  a  metallurgical  bonding  between  the 
coating  and  the  substrate  alloy.  Except  for  some  micro  pores,  oxides 
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Fig.  1.  Two-electrode  arrangement  for  electrochemical  impedance  measurements. 
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Fig.  2.  Microstructures  of  the  cast  FeAl  electrode  (a)  and  the  as-prepared  FeAl  coating  on  316SS  (b). 


and  penetrating  cracks  were  not  observed  in  the  coating.  EDX 
analysis  revealed  that  the  Al  content  of  the  coating  tended  to 
decrease  with  the  distance  from  the  surface  of  the  coating.  Addi¬ 
tionally,  small  amounts  of  Ni  and  Cr  were  also  detected,  due  to  the 
occurrence  of  mass  transfer  between  the  coating  and  the  substrate 
during  HEMAA,  by  which  Fe  and  Al  transfer  from  the  FeAl  electrode 
to  the  substrate,  and  some  elements  such  as  Fe,  Ni  and  Cr  from  the 
substrate  to  the  coating  layer. 

3.2.  Electrochemical  impedance  spectra 

Fig.  4  shows  the  typical  Nyquist  and  Bode  plots  for  the  corrosion 
of  316SS  in  molten  (Li,K)2C03  at  650  °C  after  various  exposure 
times.  The  Nyquist  plots  were  composed  of  double  capacitive  loops, 
i.e.  a  very  small  semi-circle  at  high  frequencies  and  a  large  semi¬ 
circle  at  low-frequency  port  during  the  experimental  duration  of 
24  h.  It  is  noted  that  the  time  constant  in  the  high-frequency  port 
could  not  be  characterized  clearly,  especially  in  the  initial  stage.  The 
impedance  value  for  316SS  changed  little  with  exposure  time.  Fig.  5 
gives  the  typical  Nyquist  and  Bode  plots  for  the  corrosion  of  the 
FeAl-coated  316SS  in  molten  (Li,K)2C03  after  various  exposure 
times.  The  Nyquist  plots  also  consisted  of  double  capacitive  loops, 
just  as  observed  for  the  bare  316SS,  but  with  significantly  larger 
impedance  values,  suggesting  the  effectiveness  of  FeAl  coating  in 
inhabiting  the  corrosion  of  316SS.  Additionally,  differing  from  the 
bare  steel,  two  time  constants  are  shown  clearly  in  the  Bode  plots 
for  the  coated  steel. 


Fig.  3.  Cross-sectional  morphology  of  the  as-prepared  FeAl  coating  on  316SS. 


3.3.  Corrosion  products 

Fig.  6  shows  the  X-ray  diffraction  patterns  for  the  corrosion 
products  formed  on  the  bare  and  FeAl-coated  316  SS,  respectively. 
The  corrosion  products  formed  on  the  FeAl  coating  are  composed  of 
Fe203  and  Al203,  while  those  grown  on  316SS  mainly  consist  of 
Fe203  and  Cr-rich  oxides  (Cr203,  FeCr204). 

Fig.  7(a,b)  gives  the  cross-sectional  morphologies  of  316SS 
corroded  in  molten  (Li,K)2C03  at  650  °C  for  24  h.  The  scale  exhibits 
a  bi-layered  microstructure  composed  of  external  bright  Fe203  and 
inner  gray  Cr-rich  oxides  (FeCr204,  Cr203).  Moreover,  a  Cr-depleted 
zone  was  formed  beneath  the  scale.  Fig.  7c  shows  the  cross- 
sectional  morphology  of  the  FeAl-coated  316SS  after  corrosion  in 
the  melt  at  650  °C  for  24.  Clearly,  a  thin  (less  than  3  pm)  bi-layered 
scale  composed  of  external  Fe203  (bright)  and  inner  Al203(dark) 
has  formed  on  the  coated  steel.  Beneath  the  scale  an  Al-depleted 
zone  was  also  produced.  The  significantly  increased  corrosion 
resistance  of  FeAl  coating  prepared  by  HEMAA  is  ascribed  to  the 
formation  of  a  continuous  and  adhesive  Al203  scale. 

3.4.  Interpretation  of  EIS  spectra 

The  Nyquist  plots  for  the  corrosion  of  the  bare  and  coated  316  SS  are 
all  composed  of  two  depressed  semicircles,  and  a  continuous  Al203 
scale  has  formed  on  the  coated  steel  and  a  Cr-rich  scale  on  the  bare 
steel.  This  Al-rich  or  Cr-rich  scale  is  effective  in  inhibiting  the  corrosion. 

The  corrosion  of  the  bare  and  FeAl-coated  316SS  in  molten 
(Li,K)2C03  at  650  °C  in  air  includes  oxidation  and  reduction 
processes.  The  reduction  of  oxygen  is  the  main  reduction  reaction. 
It  has  been  accepted  that  oxygen  takes  part  in  reduction  reaction  in 
the  form  of  chemically  dissolved  oxygen,  not  physically  dissolved 
oxygen  [18,19].  The  chemically  dissolved  oxygen  diffuses  to  the 
alloy/melt  interface  to  be  reduced  to  O2-.  For  corrosion  in  molten 
salts,  the  transportation  of  ions  in  the  scale  and  the  diffusion  of 
oxidants  in  the  melt  may  become  rate-limiting  process,  which  will 
further  depend  on  the  protection  of  the  scale  formed  on  the  alloy 
surface.  Our  previous  study  indicated  that  when  a  non-protective 
scale  was  formed  on  the  alloy  surface  in  molten  (Li,K)2C03,  a  War¬ 
burg  impedance  was  observed  at  low  frequencies,  and  the  corro¬ 
sion  of  alloys  was  controlled  by  the  diffusion  of  oxidants  in  the  melt 
[20].  When  a  protective  scale  was  formed  on  the  alloy  surface, 
however,  the  Nyquist  plots  were  composed  of  double  capacitive 
loops,  and  the  corrosion  of  alloys  was  controlled  by  the  diffusion  of 
ions  through  the  scale.  In  the  present  study,  the  corrosion  of  the 
bare  and  coated  steel  is  controlled  by  the  diffusion  of  species 
through  the  scale  due  to  the  formation  of  a  protective  Cr-rich  or  Al- 
rich  scale.  Thus  a  serial  equivalent  circuit  was  proposed  to  fit  the 
impedance  spectra,  as  shown  in  Fig.  8,  where  Rs  represents  the 
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Fig.  4.  Nyquist  and  Bode  plots  for  the  corrosion  of  316SS  in  molten  (0.62Li,  0.38K)2C03  at  650  °C  after  exposure  for  various  lengths  of  time.  Symbol:  experimental  data;  line: 
simulation  data. 


Fig.  5.  Nyquist  and  Bode  plots  for  the  corrosion  of  the  FeAl-coated  316SS  in  molten  (0.62Li,  0.38K)2C03  at  650  °C  after  exposure  for  various  lengths  of  time.  Symbol:  experimental 
data;  line:  simulation  data. 
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2  theta, deg. 

Fig.  6.  X-ray  diffraction  patterns  for  the  corrosion  products  formed  on  the  bare  and 
FeAl-coated  316SS  after  corrosion  in  molten  (0.62Li,  0.38K)2C03  at  650  °C  for  24  h. 


molten-salt  resistance,  Q\  the  double-layer  capacitance  at  the 
metal/melt  interface,  Rt  the  electrochemical  transfer  resistance,  Rox 
and  Cox  the  resistance  and  the  capacitance  of  oxide  scale  formed  on 
the  steel,  respectively.  In  the  fitting  procedure,  both  Cox  and  Cdi 
were  replaced  with  constant  phase  element  (CPE)  QoX  and  Qdi, 
respectively.  The  impedance  of  CPE  is  expressed  as 

Zc,c  ~  wb1  (,) 

Thus,  the  electrochemical  impedance  of  Fig.  8  is  given  by 

Z  =  RS+ - 1 - T  + - - - r  (2) 

Ydmna'+W  vwcMn°x+^ 

Kt  ^ox 

where  oj  is  the  frequency,  Yo  the  admittance  magnitude  of  CPE,  n 
the  exponential  term,  and  0  <  n  <  1.  Ydi  and  ridi,  Yox  and  nox  are 
constants  representing  the  elements  Qdi  and  Qox  respectively. 


Qdi  Q°x 


Fig.  8.  Equivalent  circuit  for  the  interpretation  of  electrochemical  impedance  spectra 
for  the  corrosion  of  316SS  with  and  without  FeAl  coating  in  molten  (0.62Li,  0.38K)2CO3 
at  650  °C. 


The  electrochemical  parameters  in  Eq.  (2)  can  be  obtained  based 
on  the  equivalent  circuit  of  Fig.  8,  and  the  fitted  results  of  the 
impedance  spectra  for  the  corrosion  of  the  bare  and  FeAl-coated 
316SS  are  listed  in  Tables  1  and  2,  respectively.  Figs.  4  and  5  show 
clearly  that  the  fitting  results  are  rather  good.  From  Tables  1  and  2, 
it  can  be  seen  that  the  values  of  both  Rt  and  Rox  for  the  coated  steel 
are  significantly  larger  than  those  for  the  bare  steel,  suggesting  that 
the  FeAl  coating  can  increase  significantly  the  corrosion  resistance 
of  316SS  due  to  the  formation  of  a  compact  AI2O3  scale.  Meanwhile, 
it  is  noted  that  the  values  of  Ydi  and  Yox  for  the  FeAl  coating  are  1  ~2 
orders  of  magnitude  lower  than  those  for  the  bare  steel,  which  may 
be  due  to  the  great  difference  in  the  surface  porosity  and  relative 
dielectric  constant  of  the  oxide  scales  formed  on  the  bare  and 
coated  steel,  respectively.  The  parameter  Y  could  be  approximately 
expressed  by  Eq.  (3) 


Y~C 


Eo-K-yA 

d 


(3) 


where  e0  is  the  dielectric  constant  of  air,  I<  the  relative  dielectric 
constant  of  the  medium,  7  the  surface  porosity,  A  the  effective  area 
of  electrode,  and  d  the  half-thickness  of  capacitance.  7  is  an 
important  factor  that  affects  the  value  of  Y.  The  scale  porosity  and 
electrode  roughness  for  the  bare  316SS  are  probably  larger  than 


Fig.  7.  Cross-sectional  morphologies  of  316SS  (a,b)  and  FeAl  coating  (c)  corroded  in  molten  (0.62Li,  0.38K)2CO3  at  650  °C  for  24  h. 
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Table  1 

Fitting  results  of  impedance  spectra  for  the  corrosion  of  316SS  in  molten  (0.62Li, 
0.38K)2C03  mixture  at  650  °C  after  exposure  for  various  lengths  of  time. 


316 

SS 

Rs. 

Q 

cm2 

Vdi.  o-1 
cm"2  S-" 

Hdl 

Rt, 

Q 

cm2 

y0x.  o-1 
cm“2  S“" 

ft  ox 

Rox,  Q  cm2 

1  h 

2.35 

1.04  x  10"1 

0.71 

0.24 

0.10 

0.67 

95.48 

3  h 

2.35 

9.14  x  10"2 

0.80 

0.27 

0.15 

0.66 

93.20 

6  h 

2.33 

8.62  x  10"2 

0.52 

0.38 

0.21 

0.65 

88.81 

10  h 

2.40 

9.55  x  lO"2 

0.56 

0.39 

0.26 

0.69 

80.94 

20  h 

2.03 

1.67  x  10"2 

0.37 

1.80 

0.25 

0.62 

112.75 

24  h 

2.02 

2.89  x  10"2 

0.40 

2.50 

0.23 

0.58 

119.57 

Table  2 

Fitting  results  of  impedance  spectra  for  the  corrosion  of  the  FeAl-coated  316SS  in 
molten  (0.62Li,  0.38K)2C03  mixture  at  650  °C  after  exposure  for  various  lengths  of 
time. 


FeAl  coating 
on  316SS 

Rs, 

Q 

cm2 

Vdi.  o_1 

cm-2  S“" 

ftdi 

Rt,  Q 
cm2 

Vox.  O-1 
cm-2  S-" 

ftox 

Rox,  A 
cm2 

1  h 

3.46 

5.87  x  10"3 

0.45 

26.11 

1.08  x  10"2 

0.62 

429.52 

3  h 

4.75 

1.69  x  10~3 

0.79 

84.60 

3.14  x  10"3 

0.50 

1025.13 

5  h 

4.43 

1.13  x  10~3 

0.74 

158.32 

4.33  x  lO"3 

0.57 

1195.01 

9  h 

4.42 

1.39  x  10~3 

0.64 

101.21 

3.57  x  10~3 

0.81 

914.12 

18  h 

5.06 

8.99  x  10"3 

0.55 

92.90 

8.96  x  10"3 

0.62 

854.81 

24  h 

4.02 

1.26  x  10"3 

0.62 

90.54 

7.59  x  10~3 

0.58 

833.20 

those  for  the  FeAl-coated  steel,  giving  rise  to  larger  values  of  both 
Ydi  and  Vox  observed  for  316SS.  Though  the  corrosion  for  the  bare 
and  coated  steel  is  all  controlled  by  the  ionic  diffusion  through  the 
scale,  an  AI2O3  scale  with  respect  to  a  Cr-rich  scale  is  more  effective 
in  protecting  the  substrate  alloy  from  corrosion. 

As  described  above,  several  methods  have  been  developed  to 
prepare  Al  coatings  for  wet-  seal  materials.  Recently,  a  low-cost  Al- 
cladding  method  has  also  been  developed  to  produce  a  high-quality 
aluminide  coating,  which  is  formed  in  situ  during  start-up  of  MCFC 
stacks  in  the  temperature  range  between  500  and  650  °C  [21]. 
These  aluminizing  processes  are  generally  accompanied  by  a  heat 
treatment.  During  the  heat  treatment,  Al  diffuses  into  the  steel 
substrate  to  form  intermetallic  compounds.  These  aluminizing 
treatments  can  make  the  steel  have  sufficient  aluminium  for 
forming  a  protective  A^C^UAIC^)  layer.  Jun  et  al.  [22]  reported 
that  the  aluminium  contents  of  Fe-Al  alloys  needed  to  form 
a  stable  and  protective  UAIO2  in  the  eutectic  Li/K  carbonate  melt  at 
650  °C  should  be  higher  than  25  at.%.  One  of  the  present  authors 
observed  that  the  corrosion  products  formed  on  an  Fe- 
24.4Al-0.12B(mass%)  alloy  consisted  of  external  LiFe02  and  inner 
AI2O3  in  the  eutectic  (Li,K)2C03  melt  at  650  °C  [20].  By  comparing 
the  results  of  the  reference  20  and  the  present  study,  it  was  found 
that  a  protective  AI2O3  scale  was  formed  more  preferentially  on  the 
FeAl  coating  prepared  by  HEMAA  than  on  the  cast  FeAl.  This  is 
ascribed  to  the  microcrystalline  structure  of  the  as-prepared  FeAl 
coatings.  FIEMAA  is  a  micro-welding  process,  with  a  high  cooling 
rate  of  around  105-106  KS-1.  During  deposition,  microstructure 
coarsening  and  solute  segregation  could  be  suppressed  to  obtain 
a  homogeneous  microcrystalline  coating  with  a  grain  size 


significantly  smaller  than  that  of  the  deposition  electrode.  The 
reduction  in  the  grain  size  helps  to  enhance  the  diffusion  of  Al 
along  the  grain  boundaries  to  contribute  the  growth  of 
a  continuous  AI2O3  scale  and  to  improve  the  adhesion  of  the 
formed  scale.  As  compared  with  other  aluminizing  methods, 
HEMAA  is  a  simple  and  effective  process  for  preparing  diffusion 
coatings  with  a  microcrystalline  structure. 

4.  Conclusions 

HEMAA  has  been  employed  successfully  to  prepare  FeAl  coat¬ 
ings  on  316SS  using  cast  FeAl  intermetallic  compound  as  the 
deposition  electrode,  with  a  metallurgical  bonding  between  the 
coating  and  the  substrate.  Due  to  the  high  cooling  rate  during 
deposition  process,  a  microcrystalline  coating  with  a  grain  size 
clearly  smaller  than  that  of  the  cast  FeAl  was  obtained.  The  Nyqusit 
plots  for  the  corrosion  of  the  bare  and  coated  316SS  in  molten 
(0.62Li,  0.38K)2CO3  at  650  °C  were  all  composed  of  a  small  semi¬ 
circle  at  high  frequencies  and  a  large  semi-circle  at  low-frequency 
port.  However,  the  impedance  values  of  the  coated  steel  are 
significantly  larger  than  that  of  the  bare  steel,  suggesting  that  FeAl 
coating  can  increase  greatly  the  corrosion  resistance  of  316SS  due 
to  the  formation  of  a  continuous  AI2O3  scale  more  protective  than 
the  Cr-rich  scale  forming  on  316SS.  The  corrosion  of  the  bare  and 
coated  316SS  is  controlled  by  the  diffusion  of  species  through  the 
scale.  HEMAA  is  a  simple  and  effective  approach  for  the  preparation 
of  FeAl  coatings  on  the  wet-seal  materials  of  MCFC. 
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